Cadmium (Cd) causes acute and chronic lung toxicities at occupational exposure levels, yet the impacts of Cd exposure at low levels through dietary intake remain largely uncharacterized. Health concerns arise because humans do not have an effective Cd elimination mechanism, resulting in a long (10-to 35-y) biological half-life. Previous studies showed increased mitochondrial oxidative stress and cell death by Cd yet the details of mitochondrial alterations by low levels of Cd remain unexplored. In the current study, we examined the impacts of Cd burden at a low environmental level on lung metabolome, redox proteome, and inflammation in mice given Cd at low levels by drinking water (0, 0.2, 0.6 and 2.0 mg Cd/L) for 16 weeks. The results showed that mice accumulated lung Cd comparable to non-smoking humans and showed inflammation in lung by histopathology at 2 mg Cd/L. The results of high resolution metabolomics combined with bioinformatics showed that mice treated with 2 mg Cd/L increased levels of lipids in the lung, accompanied by disruption in mitochondrial energy metabolism. In addition, targeted metabolomic analysis showed that these mice had increased accumulation of mitochondrial carnitine and citric acid cycle intermediates. The results of redox proteomics showed that Cd at 2 mg/L stimulated oxidation of isocitrate dehydrogenase, malate dehydrogenase and ATP synthase. Taken together, the results showed impaired mitochondrial function and accumulation of lipids in the lung with a Cd dose response relevant to non-smokers without occupational exposures. These findings suggest that dietary Cd intake could be an important variable contributing to human pulmonary disorders.
Low-dose cadmium disrupts mitochondrial citric acid cycle and lipid metabolism in mouse lung Xin 
Introduction
Cadmium (Cd) is a naturally occurring toxicant that causes multiple adverse health effects. High occupational Cd exposure can lead to multiple lung diseases like lung cancer, chronic obstructive pulmonary disease (COPD), and emphysema [1, 2] . In the general population, higher Cd levels were associated with lower lung function in current and former smokers [3, 4] and associated with COPD in male nonsmokers [5] . However, less is known about the impact of low-level chronic Cd exposure in non-smokers, mostly obtained from dietary intake. Humans are exposed to Cd from diet at an intake level of approximately 19-21 µg per day [6] and have no effective mechanisms for Cd elimination [7, 8] . Thus, chronic exposure to low doses of Cd mainly via food consumption results in a progressive increase of Cd in human organs with age. In our recent studies using a mouse model, Cd burden at a level found in lungs of non-smokers showed enhanced severity of exposure.
Accumulating evidence shows that perturbed mitochondrial signatures and function underlie the pathogenesis of numerous lung diseases [21] . In particular, mitochondrial function in type II alveolar epithelial cells (AECs) is critical to produce acetyl-CoA for de novo fatty acid (FA) synthesis, supporting the generation of phospholipid-rich surfactant. Metabolic alterations in FA synthesis and phospholipid production reflect lung mitochondrial stress, and disruption has profound pathogenic effects in deterioration of lung function and host defense against pathogens [21] [22] [23] [24] [25] . In fact, several mitochondrial derived damage-associated molecular patterns (DAMPs) cause pathological inflammation and irreversible lung injury, one of which is mitochondrial cardiolipins [25] [26] [27] .
High-resolution metabolomics (HRM) measures hundreds of confirmed metabolites and, combined with bioinformatics and pathway enrichment analysis [28] [29] [30] [31] [32] [33] , simultaneously tests for changes in more than 100 metabolic pathways, thereby providing a global analysis of metabolic alterations at the molecular level [34] . Combination of HRM with redox proteomics, which identifies oxidatively modified proteins [35, 36] , enables an integrated systems approach to investigate complex mechanisms of biological dysfunction during oxidative stress [20] . In the present study, we used HRM and redox proteomics of mouse lung to determine the pulmonary metabolic effects of Cd at low dose levels relevant to non-smoking humans without occupational exposures. The design included four low-dose groups of mice (0, 0.2, 0.6 and 2.0 mg Cd/L drinking water, 16 weeks), and inductively-coupled plasma mass spectrometry (ICP-MS) to measure Cd content in lungs. The results showed that low level Cd disrupted mitochondrial metabolism, with the highest dose causing measurable lung inflammation.
Methods

Animals
Animal protocols were approved by the Institutional Animal Care and Use Committee at Emory University. Eight-week-old male C57BL/ 6 J mice were purchased from Jackson Laboratory and housed under conventional conditions of 21-24°C and 12 h light/dark cycle with commercial standard mouse diet (Laboratory Rodent Diet 5001, LabDiet, St. Louis, MO) containing 0.062 ppm Cd [37] . Thirty-two mice were randomly divided (n = 8 per group) and assigned to vehicle control [provided with purified water by reverse osmosis system, no detectable Cd (< 0.0008 ppb)] and three Cd treatment groups exposed to 0.2, 0.6 and 2 mg/L Cd (in form of CdCl 2 , Sigma-Aldrich) in drinking water. For redox proteomic analysis, additional mice (n = 3/group) were exposed to 2 mg/L Cd or vehicle control for 16 weeks. All mice were provided with mouse diet and water ad libitum and maintained for 16 weeks; subsets were used for sample collections for different assays as described below. Mice were group housed, and individual food or water consumption was not determined.
Histopathology
Mouse lungs (n = 4 per group) collected at the end of exposure were fixed with 10% formalin in phosphate buffered saline. After fixation, the tissues were transferred to 70% alcohol and processed using a Shandon Excelsior AS (Thermo Fisher Scientific) and a standard program of dehydration [38] . Finally, the tissue was soaked in paraffin for 2 × 30 min and then in the second paraffin bath for at least 1 h. Left lung tissue sections were stained with hematoxylin and eosin (H&E) to assess histopathological changes [38, 39] . Images were acquired with an Axiovert 100 (Zeiss, Oberkochen, Germany) at 100 x magnification. At least eight sections per mouse were obtained for histopathologic analysis. For numerical assessment of inflammation, vessels and interstitial space were scored on a scale of 0-3 by blinded observers with the severity scoring system as previously described [38, 39] .
Quantification of Cd
114 Cd was measured in mouse lung (n = 4 per group) with inductively-coupled plasma mass spectrometry (ICP-MS, iCap Q, ThermoFisher Scientific) following procedures to measure trace metals that conformed to accuracy (100 ± 10%) and precision standards (RSD < 12%) [40] . Briefly, 50 mg lung samples were homogenized in 500 μL purified water and digested in 2% nitric acid to a final volume of 10 mL.
High resolution metabolomics (HRM)
Metabolic extracts were analyzed as described previously [37, [40] [41] [42] . Mouse lung samples (n = 4 per group) were extracted at 0°C by homogenization in acetonitrile: water (2:1) containing a mixture of stable isotope-labeled internal standards [29] . The acetonitrile: water mixture was added to a weighed tissue sample (approximately 20 mg tissue) at a ratio of 15 μL/mg tissue. Following homogenization and incubation on ice for 30 min, extracts were centrifuged to remove protein [37, [40] [41] [42] , randomized, and 10 μL aliquots were analyzed with three technical replicates using C18 chromatography or hydrophilic interaction liquid chromatography (HILIC) and mass spectrometry (85-1275 m/z) with positive electrospray ionization (ESI) on LTQ-Velos Orbitrap mass spectrometer (Thermo Fisher) [29, 30] . Additional HRM data was achieved using C18 chromatography with negative ESI on QExactive HF mass spectrometer (Thermo Fisher) (85-1200 m/z) [43] .
Mass spectrometry data were extracted using apLCMS [44] and xMSanalyzer [45] . Data were pre-filtered to retain only features with non-zero values in > 50% in all samples and > 80% in each group. Linear regression model against the lung Cd content was used to select metabolic features associated with increasing Cd dose in metabolomewide-association study (MWAS). One-way analysis of variance (ANOVA) using limma test was applied to compare metabolites among each condition. Significant features (raw P < 0.05 by limma test) were further studied by pathway enrichment analyses using mummichog [46] . This approach protects against type 2 statistical error by including all features at P < 0.05 and protects against type 1 statistical error by permutation testing in pathway enrichment analysis [47] . Hierarchical cluster analysis (HCA) and partial least square discriminant analysis (PLS-DA) were used for untargeted comparison of the significant features associated with Cd (raw P < 0.05 by limma test) across all groups.
Metabolite annotation
Metabolic features were annotated with xMSannotator [32] ; confidence scores for annotation by xMSannotator are derived from a multistage clustering algorithm. Identities of selected metabolites were confirmed by co-elution and ion dissociation mass spectrometry (MS/ MS) relative to authentic standards (Level 1 identification by criteria of Schymanski et al. [48] ) or by MS/MS relative to METLIN spectral database [49] (Level 2 identification by criteria of Schymanski et al. [48] ). Additional annotations were made conservatively, i.e., those with high or medium confidence scores (≥ 2) with M+H adduct detected in positive mode or M-H detected in negative mode. Lower confidence annotations were made using HMDB (Human Metabolome Database [50] ) and Metlin [51] mass spectrometry databases at 5 ppm tolerance.
Redox proteomic analysis
Redox proteomics was performed using redox isotope coded affinity tag (ICAT)-based mass spectrometry [20, 52, 53] . Briefly, freshly harvested lung tissue from mice exposed to Cd or vehicle control (n = 3/ group) were homogenized in ice-cold 10% TCA. Protein precipitate was washed with ice-cold acetone, resuspended in denaturing buffer (50 mM Tris, 0.1% SDS, pH 8.5). Reduced cysteine (Cys) of proteins were labeled with the biotin-conjugated thiol reagent (Heavy isotopic [H-ICAT]). Proteins were then reprecipitated by ice-cold 10% TCA for 30 min on ice, pelleted, washed with acetone, and resuspended in denaturing buffer. Minimally oxidized (sulfenic acid) and disulfides in the proteins were then reduced by TCEP [tris-(2-carboxyethyl phosphine)] and labeled with another biotin-conjugated thiol reagent (Light isotopic [L-ICAT]). Samples including both H and L-ICAT-labeled Cys residues in proteins were digested with trypsin overnight, fractionated by cationic exchange followed by avidin purification, and analyzed by mass spectrometer as described below. ICAT-labeled Cys containing peptides (peptidyl Cys) were identified with an H to L ratio as a measure of the redox (reduced/oxidized) state of the protein, expressed as "% oxidation of protein".
ICAT-labeled Cys peptides were analyzed by reverse-phase LC-MS/ MS [18, 20, 54 ] using a LTQ-Orbitrap ion trap mass spectrometer (Thermo) (300-1600 m/z). The acquired MS/MS spectra were searched against a concatenated target-decoy mouse reference database of the National Center for Biotechnology Information using the SEQUEST Sorcerer algorithm [55] . The peptides were classified by charge state and tryptic state (fully and partial) and first filtered by mass accuracy (10 ppm for high-resolution MS) and then dynamically by increasing XCorr and Cn values to reduce protein false discovery rate (FDR) to less than 1%, according to the target-decoy strategy [56] .
Enzyme activity assay
Fresh mitochondria were isolated from mouse lung homogenate via differential centrifugation in isolation buffer as described earlier [20] . Mitochondrial preparations (n = 5 per treatment) were incubated with control (0 μM Cd) or CdCl 2 (0.001, 0.01 and 1 μM) in incubation buffer (220 mM mannitol, 2 mM HEPES, pH 7.0) for 20 min at room temperature. Excess Cd was then removed by centrifugation at 10,000g for 1 min. Pelleted mitochondria were resuspended in assay buffer provided by the enzyme activity kit (Sigma-Aldrich, St. Louis, MO). Activity of malate dehydrogenase and isocitrate dehydrogenase was measured following manufacturer's instructions and normalized to total protein content.
Statistics
Data are presented as the mean and standard error of the mean. Student's t-test (two-tailed with Welch's correction for unequal variance) was used to test statistical significance between conditions. Linear regression was used to test the linearity of dose-response curve using SigmaPlot 13.0 (Systat Software, Inc.). Pathway enrichment analysis was performed in mummichog version 2.0 [46] ; all other bioinformatics analysis were performed in RStudio version 1.1.447 (RStudio, Inc.). The significance level was P < 0.05 for all tests; Benjamini and Hochberg false discovery rate was used for multiple comparisons [57, 58] .
Results
Dose-dependent lung inflammation and Cd burden induced by dietary levels of Cd
Histologic evaluation of mouse lungs after 16 weeks of exposure to three low doses of Cd (0.2, 0.6 and 2.0 mg/L) showed an elevated inflammation, characterized by infiltration of inflammatory cells in interstitium, and around airway and blood vessels (Fig. 1A) . Quantification of infiltration-positive area [39] showed a dose-dependent inflammation (linearity of dose-response relationship tested by regression, P < 0.05) (Fig. 1B) . This Cd effect is consistent with previous observations showing low-dose Cd causes pulmonary inflammation and worsens infection-induced lung histopathlogy [9] .
Cd content in mouse lung tissue was measured after exposure to the aforementioned doses of Cd. The results showed a dose-dependent increase of lung Cd burden (linearity of dose-response relationship tested by regression, P < 0.05) (Fig. 1C) . The lung content in mice treated with 2.0 mg Cd /L was significantly higher (48 ± 3 pg Cd/mg tissue, Fig. 2A bottom) compared to control (11 ± 6 pg Cd/mg tissue). At this dose, the lung content in the Cd treated mice was in the same range as found for human lungs [37] . At the two lower doses (0.2 and 0.6 mg/L), the lung Cd content showed a dose-dependent trend (0.05 < P < 0.1) yet did not reach statistical significance ( Fig. 2A bottom) even though our previous studies with these doses with larger n showed significance [37, 42] .
Metabolome wide association study (MWAS) of lung Cd burden showed enrichment in lipid metabolism
To study the global metabolic response to Cd within this low-dose range, we performed a metabolome wide association study (MWAS) of the untargeted HRM data from lung [37, 41] with the measured lung Cd content after 16 weeks of the experimental period. The results showed that out of the 15,975 metabolic features detected with the HILIC method in positive mode [37, 41] , 2,250 features were associated with the lung Cd (P < 0.05, Fig. 2A top) . Hierarchical cluster analysis (HCA) showed associations of metabolite levels and Cd doses ( Fig. 2A  top) . Using the 2,250 features, the experimental groups were separated following a dose-dependent trajectory, with the highest dose (2.0 mg Cd/L) being most distinct from control (Fig. 2B) . Pathway enrichment analysis with mummichog [46] showed that the 2,250 metabolic features were enriched in metabolic pathways related to fatty acid and lipid homeostasis, including fatty acid biosynthesis and metabolism, coenzyme A (CoA) biosynthesis and catabolism, and porphyrin metabolism (Fig. 2C , with details in Supplemental Table S1 ). This result suggested that low doses of Cd reflecting human dietary intake levels induced a metabolic alteration in pulmonary lipid homeostasis.
Low dose Cd causes increased lipid levels in mouse lung
We further examined the metabolic effects at each dose level by performing a one-way ANOVA and post hoc comparison. HCA showed that the 2.0 mg Cd/L dose induced a strong metabolic effect that was distinct from the control animals and the two lower doses (Supplemental Fig. 1A) . Consistently, the 2 mg/L dose induced differences in a much greater number of metabolites (2,415 features, P < 0.05 post hoc vs control) than the other two doses (0.2 mg/L: 483 features; 0.6 mg/L: 715 features). Nevertheless, there was a substantial overlap of metabolic features among all three doses (Supplemental Fig. 1B) .
We thus focused on the effects of the 2 mg/L dose. In addition to the HRM data from the HILIC method in positive ESI mode (HILIC+), we combined the data from the C18 method in both positive and negative ESI mode (C18 + and C18-) to obtain an enhanced coverage of metabolites [43, 59] . A number of metabolic pathways involving lipid metabolism were enriched by the Cd-affected HILIC+ metabolites (Fig. 3A, 2 ,415 out of 14,581 features, post hoc vs control) and C18 + metabolites (data not shown), while mitochondrial energy metabolism including fatty acid metabolism and citric acid cycle were enriched by the C18-metabolites (947 out of 6,503 features, post hoc vs control) (Fig. 3A) .
We further annotated all the HRM data with xMSannotator, which assigns database matches into different confidence scores of annotation based on an isotope clustering algorithm [32] . By searching against HMDB (human metabolome database) [50] for matches of accurate mass m/z, we annotated 1,750 lipid species and found that 304 of them (Supplemental Table S2 ) were changed in abundance by Cd treatment at the 2.0 mg/L dose (P < 0.05). The large majority (n = 271) of the 304 lipids were increased, with a fold-change ranging from 1.2 to 20.7 relative to control (Fig. 3B) . We conservatively annotated high confidence lipids (see Methods) including triglyceride, dipalmitoylphosphatidylcholine (DPPC), phosphatidylinositol (PI), and various other phospholipids that were increased by Cd (Supplemental Table S2 ) and different forms of lysoPC that were decreased by Cd (Fig. 3B) . Additionally, two precursors of de novo fatty acid biosynthesis including acetyl-CoA and malonyl-CoA, as well as other lipid biosynthesis precursors, glycerol-3-phosphate and lysophosphatidyl acid were consistently elevated by Cd (Supplemental Table S2 ). Fig. 1 . Low-level Cd burden elevated inflammation in mouse lung histopathology. Collected lung tissues from individual mice (n = 4) from all four groups exposed to 0 (control), 0.2, 0.6 and 2 mg/L Cd in drinking water were examined for histopathology after staining with hematoxylin and eosin (H&E, A) and quantified (B) by cell infiltration around vessels and in interstitial spaces, and quantified Cd levels using ICP-MS (C). Arrows indicate representative inflamed airways, blood vessel and interstitium. Scale bars indicate 100 µm. Results are presented as mean ± SE. Asterisk indicates significant increase compared to control (* P < 0.05) and "#" indicates linearity of dose-response relationship tested by regression ( # P < 0.05). Fig. 2 . Metabolome-wide-association study (MWAS) of lung Cd content showed affected metabolome in mouse lung. Normalized average levels of 2,250 metabolites (A, top) associated with (P < 0.05, linear regression) increased lung Cd content (A, bottom, a bar graph replotted from Fig. 1C ) were separated in a dose-dependent manner by hierarchical cluster analysis (A) and partial least square discriminant analysis (B). Pathway enrichment analysis (C) showed affected metabolic pathways enriched by the 2,250 metabolites. Asterisk indicates difference from control tested by student's t-test; * P < 0.05.
Low dose Cd caused disruption of mitochondrial metabolome and redox proteome
Following the results that mitochondrial metabolic pathways were changed by Cd (Fig. 2C and Fig. 3A) , we further analyzed mitochondrial metabolites in a targeted approach. Most importantly, acetyl-CoA was increased 3-fold in the lung after 2 mg/L Cd exposure (P < 0.05, Fig. 4A ). The increased abundance of metabolites followed a consistent trajectory at lower Cd doses (Fig. 4) but was significant only at 2 mg/L Cd (Fig. 1C and Fig. 2A lower panel) . Similar elevation at 2 mg/L Cd was found with other components of mitochondrial carnitine shuttle and fatty acid β-oxidation, i.e., CoA, carnitine and acetyl-carnitine (Fig. 4A) . Accumulation of the downstream citric acid cycle intermediates also occurred, including succinate, malate, citrate/isocitrate, 2-oxogluatarate (Fig. 4B) . Additional mitochondrial metabolites (Supplemental Table S3 ) showed a broad and dose-dependent impact of Cd on mitochondrial energy producing substrates.
Previous research showed Cd effects on oxidation of mitochondrial proteins, so we used redox proteomics to examine whether low-dose Cd caused oxidation of proteins/enzymes in citric acid cycle and ATP production. The results showed that Cd induced oxidation of mitochondrial enzymes catalyzing the citric acid cycle steps and other metabolism processes (Supplemental Table S4 ). These Cd-oxidized proteins included isocitrate dehydrogenase subunit γ1 (IDH3g), malate dehydrogenase (MDH2), and a trend of oxidation (P < 0.1) of dihydrolipoamide dehydrogenase (DLD) (Fig. 5A-C) . Importantly, ATP synthase subunit γ was oxidized by Cd (P < 0.05) suggesting that Cd disrupted the electron transport chain for ATP synthesis (Fig. 5D) . We further confirmed Cd-impaired mitochondrial enzymes by measuring enzyme activity in isolated mitochondria from mouse lung. The activities of isocitrate dehydrogenase (IDH) and malate dehydrogenase (MDH) were inhibited by low doses Cd (Supplemental Fig. S2) . Results showed that MDH activity was inhibited by 15%, 14% and 31% at 1 nM, 10 nM and 1 μM Cd concentrations, respectively (P < 0.05). Activity of IDH was also inhibited by 7%, 22% and 20% at the same doses (P < 0.05) (Supplemental Fig. S2 ).
Cumulatively our results showed that low dose Cd oxidized and impaired activity of mitochondrial enzymes in citric acid cycle and ATP synthesis. Impaired function of enzyme leads to inefficient biochemical reactions that in turn cause the observed accumulation of citric acid cycle intermediates, and most importantly, acetyl-CoA. As a key regulator and precursor for fatty acid biosynthesis, acetyl-CoA facilitates de novo fatty acid biosynthesis and consequently accumulation of lipids. Dysregulation in lipids and other metabolites may impair the surfactant function [60, 61] , dysregulate cell immune function [62] and activate inflammatory response [25, 63, 64] . This can ultimately contribute to Cd-induced inflammation (Fig. 6 ).
Discussion
The present study was to examine impacts on lung metabolism of Cd burden from low-dose Cd exposures similar to human dietary intake. Relatively high-dose Cd from occupational exposures or cigarette smoking is a well-known cause of lung toxicities, yet the role of chronic low level exposure remains understudied. Mouse models to study lowdose Cd are complicated because of the low absorption rates of dietary Cd and 10-to 30-year biological half-life of Cd in humans. In the present studies, the data show that the Cd exposure at 2 mg/L in drinking water resulted in a lung burden of 48 ± 3 pg Cd/mg tissue. The human lung content reported previously by different instrumental methods is in the same range [37, 65] , and our analyses of 31 human lung samples (48 ± 14 pg Cd/mg tissue) with the same instrumentation and analytic methods are also in this range. Thus, even though the precise modeling of non-smoking human lung Cd with a mouse model is not possible, the results indicate that the conditions used provide a useful approximation. With these conditions, the results showed that although the strongest effect occurred at 2.0 mg/L dose, the severity of responses and magnitude of alterations followed increasing trend at 0.2, 0.6 and 2 mg/L doses, indicating the presence of consistent effects even at the extremely low doses.
High dose Cd studies show pleiotropic toxicities dependent on the dosage and exposure time [66] , with mitochondrial dysfunction appearing as an early and common event [13] . For instance, intraperitoneal injection of high dose Cd (3 mg/kg body weight) inhibited succinate dehydrogenase and cytochrome c oxidase activities in rat kidney, testis and lung mitochondria [15] . In vitro studies of rat hepatocytes (0.5 μM Cd) and isolated liver mitochondria (0.05 μM Cd) showed increased permeability of mitochondria accompanied by decrease in mitochondrial ATP. Mitochondrial dysfunction occurred earlier and at lower Cd dose than stimulation of lipid oxidation [13, 14] . The present research extends these studies to show effects on mitochondrial metabolism at relevant low Cd doses in vivo in mouse lung. Importantly, the results showed a broad impact on the citric acid cycle and other mitochondrial metabolism such as fatty acid oxidation, branched chain amino acid metabolism and porphyrin metabolism. Additional studies will be needed to more specifically address bioenergetics effects, such as effects on mitochondrial membrane potential and ATP levels.
Mechanistic effects of Cd on mitochondrial function have previously been linked to oxidative modifications in proteins. For instance, Cd inhibits thioredoxin reductase (TrxR), and this results in oxidation of Trx and other proteins [67, 68] . Study of subcellular compartmental redox systems additionally showed that mitochondria are more susceptible than cytoplasm and nucleus to oxidative stressors [17, 69] and environmental metals, including Cd [17] . The present research extends these findings to low dose Cd, identifying mitochondrial enzymes that were oxidized by Cd at 2.0 mg/L. Other research showed that a number of enzymes in the citric acid cycle are either sulfenylated or S-glutathionylated, leading to inhibition or inactivation of enzyme activity (reviewed in [70] ), including isocitrate dehydrogenase [71] , and ATP synthase α subunit [72] [73] [74] . The present research showed that inhibition of IDH and MDH occurred at Cd levels as low as 1 nM with isolated lung mitochondria, a dose 50 times lower than that disrupting energy production [10, [13] [14] [15] . Our findings support a sequence in which low dose Cd caused protein oxidation, inhibited activities of mitochondrial proteins, and resulted in associated alterations in lipids and metabolites.
Altered mitochondrial function is increasingly recognized to contribute to lung disease involving inflammation [21, 75, 76] . Mitochondrial proteins and metabolites (including mitochondria-specific Fig. 4 . Low doses of Cd caused dose-dependent increase of metabolites in mitochondrial carnitine shuttle and citric acid cycle. Only the most abundant adduct (M-2H or M-H for negative ESI or M+H for positive ESI) was presented for each metabolite. Acetyl-CoA and CoA were confirmed by MS/MS. Acetyl-carnitine, carnitine, succinic acid, malic acid and (iso)citric acid were confirmed by accurate m/z match and co-elution with authentic standards. Raw peak intensities of representative metabolites in mitochondria carnitine shuttle (A) and citric acid cycle (B) were presented as measurement of abundance in metabolites. Asterisk indicates difference from control tested by student's t-test; * P < 0.05. Additional information is presented in Supplemental Table S3. cardiolipin as one of mitochondrial DAMPs [77] ) interact with and regulate NLRP3 inflammasome and toll-like receptor signaling in lung [25, 78, 79] . The research directly links mitochondrial dysfunction to activation of pro-inflammatory cytokines in pulmonary pathogenesis [64, 80] . Cd also stimulates generation of pro-inflammatory cytokines [81] [82] [83] and exacerbates immune responses with increased immune cells and cytokines after lung H1N1 infection [9] . Thus, the data are converging to show that potentiation of lung injury by Cd may involve additive or synergistic effects on mitochondrial dysfunction and proinflammatory signaling.
The data also suggest that disruption of surfactant homeostasis could be a component of Cd toxicity. Increased lipid-laden alveolar macrophages ("foam cells") are frequently associated with human lung pathologies [84] , and rodent inhalation exposures [85, 86] suggest a link between pulmonary pathogenesis and abnormal lipid accumulation induced by environmental stressors. Cd could exacerbate lung injury through these mechanisms, and our previous observations of Cd potentiation of virus-induced lung histopathology and inflammation [9] provide an example where impaired surfactant clearance could determine severity of response to H1N1 influenza virus. Although Fig. 5 . Low dose-Cd increased oxidation of proteins in citric acid cycle. Lung collected from mouse treated with 2.0 mg Cd/L was analyzed for redox proteomics following procedures described previously [18, 20, 52] . Quantification of redox state of protein peptidyl cysteine (Cys) was performed by redox ICAT-based mass spectrometry (ICAT/MS). Results of % oxidation in Cys residue of isocitrate dehydrogenase subunit γ (IDH3g, A), dihydrolipoamide dehydrogenase (DLD, B), malate dehydrogenase (MDH2, C) and ATP synthase subunit γ (ATP5C1, D) are presented as mean ± SE (* P < 0.05, † P < 0.-1). Fig. 6 . Proposed schematic diagram: Cd-induced mitochondrial dysfunction. Lung Cd burden from low dose Cd exposures stimulates mitochondrial oxidation and metabolic disruption involving mechanism of increased H 2 O 2 and inactivation of the major cellular redox controlling antioxidant such as selenocysteine-(Sec)-containing TrxR2. Oxidative mitochondrial environment results in oxidation of energy producing enzymes leading to impaired enzyme activity (indicated by blue cross) and inefficient reactions, and consequently accumulation of metabolic intermediates and elevation of lipids. Dysregulation of lipids and metabolites in the lung can contribute to impaired surfactant function and increased lung inflammation and abnormality.
mechanisms are not clear, lung surfactant contains 90% lipids as the primary contributor to surface tension-reducing function. Type II alveolar epithelial cells rely on high mitochondria activity to produce acetyl-CoA, which is converted to malonyl-CoA in the rate limiting step [87] for synthesis of surfactant lipids [88] . Excess acetyl-CoA activates lipogenesis [89] , and in the current study, we found that low dose Cd increased levels of acetyl-CoA, malonyl-CoA and glycerol-3-phosphate.
Together with the upregulation of lipid biosynthesis enzymes (e.g. stearoyl-Coenzyme A desaturase and mevalonate kinase, data not shown) and increased lipid levels, the results indicate that Cd-dependent increase in surfactant generation coupled with impaired surfactant removal could potentially have far-reaching effects on inflammatory lung disease [62] . Additional studies are needed to determine whether dysregulation of lipids and other metabolites contribute to Cd-induced inflammation.
Our present results also suggest a potential therapeutic strategy to attenuate the deficiencies in Cd toxicity. Previously we found that cotreatment with equal molar of selenium (Se) prevented Cd-induced toxicity in lung transcriptome and metabolome [42] , suggesting a protective role of Se in interaction with Cys residues. While more research on Cd-induced site-specific redox modification and interaction with Se is needed to better understand the molecular mechanisms, the results suggest that Se supplementation may provide an approach to ameliorate low-dose Cd effects on mitochondrial dysfunction.
In summary, Cd in a low-dose range relevant to non-occupational and non-smoking human exposure induced a dose-dependent increase in lung inflammation. MWAS showed that at these doses, Cd increased oxidation of enzymes catalyzing the citric acid cycle and ATP synthesis and caused metabolic dysregulation in fatty acids and lipids. The study shows that integrative metabolomics and redox proteomics is a powerful approach to advance translational research to understand complex biological responses of environmental exposures and disease. Finally, our findings suggest that metabolic alterations could be used for therapeutic development to protect against toxic effects of Cd burden in human lung disease.
